Temperature-dependent conductivity of Emim(+) (Emim(+)=1-ethyl-3-methyl imidazolium) confined in channels of a metal-organic framework by Chen, Wen-Xian et al.
This journal is c The Royal Society of Chemistry 2011 Chem. Commun., 2011, 47, 11933–11935 11933
Cite this: Chem. Commun., 2011, 47, 11933–11935
Temperature-dependent conductivity of Emim+ (Emim+ = 1-ethyl-
3-methyl imidazolium) confined in channels of a metal–organic
frameworkw
Wen-Xian Chen, Hao-Ran Xu, Gui-Lin Zhuang, La-Sheng Long,* Rong-Bin Huang and
Lan-Sun Zheng
Received 30th July 2011, Accepted 23rd September 2011
DOI: 10.1039/c1cc14702a
A 3D metal–organic framework, featuring three kinds of cation
channels, was obtained through an ionothermal reaction. Investi-
gation on its temperature-dependent conductivity indicates the
contribution of order and disorder of the Emim+ (Emim+ =
1-ethyl-3-methyl imidazolium bromide) in the channel to its
conductivity.
Porous solids, such as zeolites and inorganic–organic frame-
works, are currently attracting considerable attention in view
of their rich structural aesthetics1 and potential applications in
gas storage,2 separation3 and catalysis.4 Recently, it was found
that these materials also display unique conductivity through
confining alkali metal cations,5 imidazole,6 1,2,4-triazole7 or
water clusters8 into their frameworks. Although these studies
are greatly helpful for our insights into conduction mechanisms of
alkali metal cations and proton transport under confinement,
an investigation on the transport of cations has never been
realized in inorganic–organic framework systems to the best of
our knowledge.
Ionothermal synthesis is regarded as a promising approach
to preparing these materials because of the specific properties
of ionic liquids (ILs), such as negligible vapor pressure, high
thermal stability, low melting points, non-flammability and
versatile ability to dissolve many substances.9 By utilizing ILs
as both solvents and structure-directing agents,10,11 ionothermal
synthesis not only provides quite different networks from
those obtained by hydrothermal and solvothermal synthesis,
but also anionic architectures encapsulating the cationic
component of the ILs; an ideal system for inspecting the
transport of cations under confinement. However, investigation
on the transport of the cations of the ILs in the channel of the
inorganic–organic framework has not been performed, despite
the fact that ILs themselves are known to possess high ionic
conductivity.12 Here, we report the ionothermal synthesis of
an anionic framework containing three types of channels
occupied by the cations of the IL.
The reaction of 2,20,4,40-biphenyl tetracarboxylic sodium
(Na4bptc) and Co(OAc)24H2O in an ionic liquid of 1-ethyl-
3-methyl imidazolium bromide (Emim-Br) generates purple
crystals of 1, [Co2Na(bptc)2][EMIm]3. Single-crystal analysis
at 173 K reveals that 1 crystallized in the monoclinic system,
space group C2/c. The asymmetric unit of 1 contains 1 Co(II)
ion, 1 bptc4 ligand, 0.5 Na(I) ion, and 1.5 Emim+ ions. The
central Co(II) ion is coordinated by five oxygen atoms from
three bptc4 ligands in a trigonal bipyramidal geometry. The
Co–O bond lengths are 1.987–2.284 Å, which are comparable
to those in previously reported compounds.13 The Na1 center
links two Co1 centers through one carboxylate in a syn–syn
bridging mode and one carboxylate in a chelating/bridging
mode, forming a [Co2Na(O2CR)6] SBU (SBU = Secondary
Building Units) and a 6-connected topological node, as shown
in Figs 1a and Fig. S1aw. Each bptc4 ligand acting as a
3-connected node (Figs 1b and S1bw) and linking with three
adjacent [Co2Na(O2CR)6] SBUs generates a 3D open framework,
as shown in Fig. 1c. The (3,6)-connected network in 1 can be
described as the ant (anatase) topology, with the Schläfli symbol
[42.6]2[4
4.62.88.10]14 (Fig. S1cw). Notably, there are three types of
channels along the c axis (Fig. 1c), [110] (Fig. S2w) and [110]
directions in the 3D architecture of 1. Two channels along the
Fig. 1 (a) The coordination geometry of the [Co2Na(O2CR)6] unit in
1; (b) the bptc4 ligands serve as 3-connected nodes; and (c) a
polyhedral view of the structure of 1 along the c axis.
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[110] and [110] directions feature the same micro-environment
and each is occupied by two Emim+ cations at the centre of its
four-membered ring. The channel along the c axis is occupied by
one Emim+ cation at the centre of its four-membered ring. The
dimensions along the [110] direction and c axis are 12.918 
5.674 Å and 8.219  5.625 Å, respectively.
Fig. 2 illustrates the alternating current (AC) impedance
measured from a single crystal 1 along the [110] direction and
c axis at room temperature. Both the Nyquist plots along the
[110] direction and c axis exhibit a semicircle, indicating that
the conducting mechanism is approximately attributed to the
RC (Resistance and Capacitance) parallel model.15 According to
the simulation result of RC, the conductivities (s) of 1 along the
[110] direction and c axis are 2.63 105 and 4.78 107 S cm1,
respectively. It was noted that the conductivity of [110]
is comparable to that of phosphorous–imidazolium ILs,16
while that along the c axis is comparable to that of imidazole
in aluminium porous compounds.6 Based on the fact that the
ionic conductivity is proportional to the number, charge and
mobility of the carriers in the channel,17 the fact that the
conductivity along the [110] direction is significantly larger
than that along the c axis indicates that it is the number of the
carriers, instead of the mobility of the carriers, that plays a key
contribution to the conductivity of 1 along the different
directions on the basis of its crystal structure.
Owing to the crystal face along [110] being relatively small
and both the gold line and gold glue easily falling off from the
crystal face during the heating process, the AC impedance of 1
along the c axis was only performed in the range 298–443 K in
order to identify the nature of electrical conductance. As
shown in Fig. 3a, the radius of the semicircle in the Nyquist
plots gradually increased with the increase in the temperature
and reaches a maximum at 343 K, then it decreased with the
increase in the temperture until 443 K. Based on these data, a
plot of temperature vs. conductivity of 1 along the c axis was
obtained, as shown in Fig. 3b. The conductivity of 1 along the
c axis decreased with the increase in the temperature, and
reached a minimum of 1.67  108 S cm1 at 343 K. Then, it
increased with the increase in the temperature and reached
6.33  107 S cm1 at 443 K. Due to the DC conductivity
for tablet sample at room temperature (Fig. S3w) being
4.96  1010 S cm1, the carrier in 1 is Emim+ cations rather
than electrons.
To reveal the temperature-dependent conductivity of 1, the
dielectric constant (e0) and dielectric loss of 1 were investigated
at different temperatures and frequencies. As shown in Fig. 4,
at f = 1 kHz, the dielectric constant and dielectric loss (tand)
of 1 decreased with the increase in the temperature and
reached a minimum at around 343 K. It then increased with
the increase in the temperature. With the frequency increasing,
the dielectric constant and dielectric loss, especially those at
the temperatures higher than 430 K, significantly decreased
with the increase of the frequency. Due to the TGA result
demonstrating that 1 is stable before 583 K (Fig. S4w) and the
dielectric constant of the framework 1 being less influenced by
the temperature than that of the Emim+ cations in the
channel, the temperature-dielectric constant of 1 is thus
attributed to the Emim+ cations in the channel. Considering
that the dielectric constant is closely related to molecular
polarity, the dielectric constant below 343 K decreasing with
increase in the temperature indicates that increasing the
temperature would lead to an increase of the disorder of the
Emim+ cation, while the dielectric constant increasing with
the increase in the temperature above 343 K indicates that
increasing the temperature would result in an increase of the
orientation order18 and the motion of the Emim+ cation in the
channel. Accordingly, 343 K is the phase transition temperature
of 1. This is indeed the case. As shown in Fig. 5a, an
endothermic and exothermic peak at about 351 K was
observed in heating and cooling processes, respectively, clearly
indicating that a phase transition occurred at this temperature.
The slight difference in phase temperature obtained from the
dielectric constant and DSC result may have been generated
from the system error. Due to 1 being stable before 583 K, and
XRD patterns between 336–363 K clearly demonstrating that
1 retains its crystallinity (Fig. S5w), this phase transition is thus
attributed to the phase transition of Emim+ in the channel.
Fig. 2 Nyquist plots of 1 along the [110] direction (a) and along the
c axis measured at room temperature (b). The red solid lines were fitted
to the experimental data (O) by use of a circular equation.
Fig. 3 Nyquist plots of 1 along the c axis from 1 K to 120 MHz over
the temperature ranges 298–333 K (a), 343–393 K (b) and 403–443 K
(c). The solid lines were fitted to the experimental data (O) based on a
semicircular equation. (d) Variable-temperature conductance over the
range 298–443 K.
Fig. 4 The dielectric constant (a) and the dielectric loss (b) for 1
































































This journal is c The Royal Society of Chemistry 2011 Chem. Commun., 2011, 47, 11933–11935 11935
Since 343 K is the phase transition of a Emim+ cation, the
temperature-dielectric and conductivity of 1 is understandable.
Before the phase temperature, due to the increase in the
temperature leading to the increase of the disorder of the
Emim+ cation, the concentration of the Emim+ cation charge
in the channel would decrease.19 As a result, the conductivity
of 1 decreases with the increase in the temperature, as demon-
strated in the previous work.19 After the phase transition,
however, owing to the increase in the temperature leading to
the increase of the orientation order and motion of the Emim+
cations, the concentration of the Emim+ cation charge and the
mobility of the cations in the channel would increase, leading
to the conductivity of 1 increasing with the increase in the
temperature. This deduction is not only very consistent with
the temperature-dependent conductivity of 1, but also demon-
strated by the temperature-dependent dielectric loss (tand),
since the dielectric loss (tand) is an indication of leakage
current in 1. It was mentioned that the magnitude of the
dielectric constant at the temperatures higher than 450 K at
f= 1 kHz was at least six times larger than that at 343 K. Such
low-frequency responses for dielectric constants suggest a slow
molecular motion rather than fast electronic motion.20,21 This
result indicates that the mobility of the cation in the channel
plays a key contribution to the conductivity of 1 at higher
temperatures.
Fig. 5b illustrated the conductivities, s (log scale), of 1 along
the c axis as functions of 1000/T. Arrhenius plots [ln(s) vs.
1000/T] along the c axis exhibited a linear relationship and
gave an activation energy (Ea) of 0.49 eV over the temperature
range 343–443 K. This value approximates to that of the
reported proton-conductive systems,22 indicating that confine-
ment of the Emim+ cations into the channel of a metal–
organic framework is a promising approach to the preparation
of electric materials.
In summary, a 3D metal–organic framework of 1, featuring
three kinds of cation channels, has been synthesized under
ionothermal conditions. Measurement of the alternating
current impedance along the [110] direction and c axis of the
crystal indicates that conductivity along the [110] direction is
significantly higher than that along the c axis. Investigation of
the temperature-dependent conductivity along the c axis
reveals that the conductivity of 1 decreases with an increase
in temperature below 343 K, while its conductivity increases
with an increase in temperature above 343 K. A study of the
temperature- and frequency-dependent dielectric constants
shows that the decrease and increase of the conductivity with
the increase in the temperature is closely related to the order
and disorder of the Emim+ in the channel.
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